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ABSTRACT: Polymer semiconductor PDPPF-DFT, which combines furan substituted 
diketopyrrolopyrrole (DPP) and 3, 4-difluorothiophene based, has been designed and 
synthesized. PDPPF-DFT polymer semiconductor thin film processed from non-chlorinated 
hexane is used as an active layer in thin-film transistors. As a result, balanced hole and electron 
mobilities of 0.26 cm2/Vs and 0.12 cm2/Vs are achieved for PDPPF-DFT. This is the first report 
of using non-chlorinated hexane solvent for fabricating high performance ambipolar thin film 
transistor devices.  
In the scientific community, the ambipolar organic thin film transistors (OTFT) gained 
significant attention in past few years due to their use in single-component OTFT devices for 
complementary metal oxide semiconductor (CMOS)-like circuits.1-7 Such circuits can 
significantly reduce the complexity of the patterning and fabrication processes. By using 
ambipolar OTFTs, we have successfully demonstrated high gain inverters and flexible memory 
devices with higher performance.8-10 In addition to the above applications, ambipolar OTFTs are 
also potential candidates for light emitting transistor devices.11-12 Such light emitting transistors 
are promising components for the future lighting applications. For all the mentioned applications, 
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it is extremely important for an ambipolar semiconductor material with high yet comparable hole 
and electron balanced charge carrier mobility. The balanced ambipolar charge transport 
characteristics can be achieved by modulating the energy levels, of the HOMO (highest occupied 
molecular orbital) and the LUMO (lowest unoccupied molecular orbital) of the polymer 
semiconductors via the design of appropriate chemical functionalities in the conjugated 
backbone. To fine-tune the energy levels of polymer semiconductors, a feasibly and commonly 
used strategy is to combine alternating donor–acceptor (D–A) conjugated moieties in the 
polymer backbone.13-14 The HOMO energy level of a polymer semiconductor is related to its 
ionization potential and and the LUMO to the electron affinity; these are critical for the donor 
and acceptor moieties, respectively. Many of the high performance ambipolar OTFTs reported 
recently are based on polymer semiconductors that contain thiophene substituted 
diketopyrrolopyrrole copolymers, usually combined with strong acceptors.15-17 Furan, which is a 
five-membered heterocycle, is also a promising candidate; however, this block has so far not 
been effectively used for designing new ambipolar OTFTs. Furan is an important biomass 
precursor and can be considered a “green” electronic material.18-19 Furan substituted 
diketopyrrolopyrrole (DPP) “3,6-Di(furan-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione” (DBF) 
is a favorable conjugated fused aromatic heterocyclic moiety for ambipolar OTFTs, and recently 
our group successfully demonstrated DBF based copolymers for high performance ambipolar 
OTFT devices.20-21 
Till date, almost all the high performing OTFTs were fabricated using chlorinated solvents 
such as chloroform, chlorobenzene, dichlorobenzene, which can cause significant environmental 
damage during manufacturing, use and disposal.22-23 For large scale flexible OTFTs and roll to 
roll printable organic electronic devices, the use of toxic chlorinated solvents can be a serious 
 4
issue due to the additional environmental costs at the mass-production stage. However, non-
chlorinated solvents are still less used in organic electronics device processing, as most of the 
polymer semiconductors reported to date have poor solubility in such solvents. The replacement 
of the heterocylic thiophene moiety with furan of DPP core is a good molecular design approach 
to enhance solubility of such organic semiconductors in non-chlorinated solvents. Such tuning 
could allow environmentally benign processing and will also provide an opportunity to make 
biodegradable electronic materials and devices due to incorporation of “green” furan building 
blocks. Until now, there are a limited number of approaches to fabricate devices using non-
chlorinated solvents in the field of printable organic electronic devices.24-25 Thus, it is necessary 
to explore the possibility of using non-chlorinated solvents such as hexane in such device 
fabrication or printing technology. In this context, there is an emerging significance of 
developing both green electronic materials and green processing technologies. Environment-
friendly furan with DPP can become an ideal building block for constructing low band gap 
donor-acceptor semiconducting polymers. There are, however, few reports on these class of 
materials compared to its analogous thiophene substituted DPP.   
In this research work, we are reporting the molecular design, synthesis and characterization of 
an innovative solution-processable alternating copolymer PDPPF-DFT using furan-substituted 
DPP (electron accepting DBF block) and novel electron accepting 3, 4-difluoro thiophene (DFT) 
moieties. We use this polymer as an active channel semiconductor in ambipolar OTFTs using 
hexane as the processing solvent. The substitution of two electron withdrawing fluorine atoms on 
the thiophene makes DFT to be a promising novel electron accepting building block. 
Incorporation of such block with fused furan flanked DPP in the conjugated backbone of 
polymers could enhance π-π stacking through hydrogen bonding between electronegative 
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fluorine atoms and hydrogen atoms on the neighboring furan DPP. Additionally, fluorination of 
the backbone of the polymer could diminish the HOMO energy level, resulting in improved 
stability and can promote the intra-molecular interaction of S-F and H-F for better packing.26-27 
Furthermore, higher thermal stability can be achieved by incorporating fluorine in the backbone 
of the conjugated chain. A strong donor-acceptor interaction between DBF and DFT may 
enhance the degree of planarity, which may facilitate charge carrier transport. For ambipolar 
OTFT operation, DFB and DFT units can tune the HOMO and LUMO energies of the polymer 
via intermixing of frontier molecular orbitals, leading to optimal energy levels for hole/electron 
conductance.  
 
Scheme 1. (a) Synthesis of donor-acceptor PDPPF-DFT copolymers and (b) isosurfaces of 
HOMO and LUMO orbitals of PDPPF-DFT polymer repeating unit. Atom colors: C – brown, O 
– red, N – blue, S – yellow, H – pink, F – violet.  
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The synthesis route to make the polymer semiconductor PDPPF-DFT is outlined in Scheme 1.  
The analysis of frontier orbitals shows significant LUMO amplitude on the fluorine atoms in the 
fluorinated furan, reflecting the electron withdrawing nature of F (Scheme 1b). Firstly, the 
compound 3,6-bis-(5-bromo- furan-2-yl)-N,N’-bis(2-octyldodecyl)-1,4-dioxo-pyrrolo[3,4-
c]pyrrole (1) was easily synthesized by using furan flanked DPP core 3,6-di(furan-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione followed by alkylation and bromination reactions. 
Another monomer (3,4-difluorothiophene-2,5-diyl)bis(trimethylstannane) (2) was synthesized 
via lithiation reaction using n-butyl lithium followed by addition of trimethyl tin chloride and the 
starting compound 3,4-difluorothiophene using an earlier reported procedure.28-29 Reactions of 
compounds 1 and 2 via Stille coupling polymerization gave the polymer poly{3,6-difuran-2-yl-
2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-alt- 3,4-difluoro thiophene} (PDPPF-
DFT) as a crude polymeric material (Scheme 1). PDPPF-DFT crude polymer was then purified 
by sequential Sohxlet extraction using methanol and acetone separately in order to remove 
impurities such as catalysts and oligomers. A good solubility of the polymer in the non-
chlorinated hexane solvent is due to the long branched octyldodecyl chains substituted on the 
DPP core and use of short thiophene comonomer building blocks. Such molecular engineering 
(using long branched alkyl chain substitution and appropriate comonomer) strategy is helpful for 
enhancing solubility in non-chlorinated solvents such as hexane. 
The thermal properties of PDPPF-DFT were studied by the differential scanning calorimetry 
(DSC) and thermogravimetric analysis (TGA) techniques (See Supporting Information S3). The 
second heating scan of the DSC measurement revealed an endothermic peak at 202 ºC, whereas 
upon cooling, an exothermic peak was revealed at 129 ºC. The lower melting temperature of 
PDPPF-DFT polymer is attributed to the longer alkyl chain substituted on the DPP moiety. A 
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decomposition temperature of 360 °C was determined by performing TGA under a nitrogen 
atmosphere, indicating that the polymer has high thermal stability.  
 
Figure 1. (a) UV-vis absorption spectra of PDPPF-DFT in solution (chloroform) and in solid 
state (thin film processed from chloroform solution). (b) Photoelectron spectroscopy (PESA) 
analysis of PDPP-DFT thin films on glass in air. 
The optical properties of PDPPF-DFT polymer were studied by UV-Vis absorption 
spectroscopy both in chloroform solution and thin film deposited on a glass substrate. The 
solution measurements show the maximum absorption peak (λmax) at 800 nm, with an almost 
identical λmax in the thin film spectrum (Figure 1a). The optical band gap of PDPPF-DFT was 
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calculated from the solid state UV-Vis absorption spectrum by calculating absorption cut-off 
value. The absorption cut-off was found to be at ~850 nm which gives optical band gap of 1.45 
eV. Theoretical absorption spectrum calculations were performed on the repeating unit monomer 
and dimer (See Figure S4 and S5) and the peak maximum of the dimer of 768 nm is close to the 
measured peak maximum shown in Figure 1. One expects the peak to shift slightly to the red for 
higher degree of polymerization (cf. monomer). In order to estimate the HOMO and LUMO 
energy levels of PDPPF-DFT, first the HOMO value was estimated from the photoelectron 
spectroscopy in air (PESA) measurements on the spin coated thin film of PDPPF-DFT on glass. 
As shown in Figure 1b, the intersection of photoelectron yield ratio and UV photon energy gave 
the onset energy level value and the HOMO value was calculated around -5.40 eV. The obtained 
HOMO value of the polymer PDPPF-DFT (-5.40 eV) is lower than earlier reported ambipolar 
polymer PDPPHD-T3 (-5.32 eV) due to electron withdrawing two fluorine atom substituted on 
thiophene comonomer.30 The LUMO value could be obtained by calculating the difference 
between solid-state optical band gap and HOMO value. The LUMO value was found to be -4.03 
eV. From both HOMO and LUMO values, it can be seen that the energy levels of PDPPF-DFT 
are just appropriate for hole and electron injection if gold can be used as an electrode in OTFT 
devices.  
In order to explore the consequence of fluorine substitution on the energy level stabilization, 
frontier orbitals for fluorinated repeating unit and non-fluorinated repeating unit were computed 
with DFT (density functional theory). HOMO and LUMO for the fluorinated monomer are 
shown in Scheme 1 and are compared with non-fluorinated in Figure S6. From these theoretical 
HOMO-LUMO orbitals, it can be seen that following the fluorination of the thiophene units, 
both HOMO and LUMO are somewhat delocalized on the electron-withdrawing fluorine atom, 
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which corresponds to the stabilization of these orbitals. The computed frontier orbital energies 
are listed in Table S1. Both HOMO and LUMO energies are stabilized by about 0.2 eV in 
comparison with the non-fluorinated analogues, reflecting the electron withdrawing nature of F. 
The band gap is little affected by fluorination. The extent of stabilization was similar in 
monomer and dimer calculations and in DFT (abridged side chains shown in Scheme 1) and 
DFTB (full side chains shown in Figure S5) and therefore likely holds for a polymer. The 
differences between the experimentally estimated HOMO and LUMO and those in Table S1 are 
attributable to the finite size of the model, aggregate state, and the approximations made.  
 
 
Figure 2. (a) 2-D XRD diffractogram (inset: 2-D XRD images) with the incident X-ray parallel 
to the PDPPF-DFT copolymer flakes, (b) 2D GIWAXS patterns of (left image) as cast and 
(right image) 250°C annealed thin films of PDPPF-DFT.   
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In order to confirm stacking behavior of polymer chains, we used two-dimensional X-ray 
diffractometry (2-D XRD) on polymer flakes. 2D-XRD analysis was performed on the PDPPF-
DFT via X-ray parallel and perpendicular modes to the polymer films. Such measurement can 
provide important information about the molecular packing and solid state ordering. As 
presented in Figure 2a, when the polymer films are parallel to X-ray, the primary diffraction 
peak was measured at 2θ = 5.79° which corresponds to the interspacing distance of 15.27 Å, 
whereas the wide-ranging peak positioned from 2θ = 16° to 24° demonstrates that PDPPF-DFT 
film is weak crystalline. The interlayer distance derived from the broad peak at 2θ = 20.89° is 
4.24 Å. In order to get a clear understanding of nanostructuring and self-assembly using few tens 
of nanometer (40-50 nm) thin film of polymer directly deposited on Si/SiO2 substrates and 
orientation distribution of the semiconducting polymer chains, Grazing Incidence Wide Angle X-
ray Scattering (GIWAXS) measurements were performed. The GIWAXS results (Figure 2b) 
show an apparent lack of order in the as-cast film and only weak alkyl stacking and π-stacking 
observed in the annealed film. The GIWAXS results provide an alkyl stacking distance of 19  1 
Å which is larger than that recorded from the bulk XRD measurement suggesting a different 
packing geometry in thin film. The polymer crystallites that exist in the annealed film do not 
show a preference for edge-on or face-on with a value of Herman’s orientation parameter of S = 
-0.01 +/- 0.01 for the annealed sample (S may vary from a value of S = 1.0 for perfectly edge-on 
stacking to which runs from perfectly face-on at S = -0.5 for perfect face-on stacking; a value of 
S = 0 shows no preferential orientation). To support this observation, PDPPF-DFT thin films 
deposited directly to the octadecyltrichlorosilane (OTS) treated SiO2 (OTS-SiO2) substrates were 
also measured using conventional XRD [Figure S7 (b)].  
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Figure 3. Transfer (a-b) and output (c-d) characteristic of a PDPPF-DFT based ambipolar 
OTFT on OTS-SiO2 substrate with 150 °C annealing. The transfer curves of hole and electron 
operation (channel length = 60 µm; channel width = 1 mm).  
The field effect transistor characteristics using PDPPF-DFT as the active layer were 
evaluated. The transistor devices adopt a bottom-gate, top-contact configuration. The device 
fabrication is similar to the procedure reported previously.21 The PDPPF-DFT polymer thin film 
(~40 nm) on OTS-SiO2 surface was obtained by spin-coating the hexane or chloroform solution 
(6 mg/mL). The OTFT devices showed ambipolar behavior and from the saturation regime of the 
transfer curves, the charge carrier mobilities could be obtained. Figure 3 and S8 show the 
transfer and output characteristics, and Table S2 (see Supporting Information) summarizes the 
device performance. Hole and electron mobilities of around 0.10 cm2/Vs and 0.013 cm2/Vs were 
achieved for 100 °C annealed thin film. With 150 °C annealing, the hole and electron mobility 
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improves to 0.26 cm2/Vs and 0.12 cm2/Vs which is a very balanced high hole/electron mobility 
for such a low annealing temperature. With 200 °C annealing, the hole mobility was further 
improved to 0.30 cm2/Vs but electron mobility is reduced to 0.023 cm2/Vs. Figure 3 shows the 
transfer and output characteristics of PDPPF-DFT based OTFTs annealed at 150 °C. The 
transfer curves clearly show typical ambipolar V shaped behavior. The transistor showed slightly 
bias stress effect in the saturation regime of output characteristics in the electron enhancement 
mode due to charge trapping from dielectric surface and/or bulk materials (impurities or solvent 
residues). The current on/off ratio (Ion/Ioff) of ~103-104 is calculated for all of the devices. In 
addition to the hexane fraction, we also used the chloroform soluble fraction for fabricating 
OTFT devices and a similar level of performance was obtained (see Table S2 in Supporting 
Information). This is the first time that such high performance ambipolar OTFT devices 
comparable with conventional halogenated solvent processed devices have been fabricated using 
hexane.  
 
 
Figure 4. AFM height (a-c) and phase (d-f) images of PDPPF-DFT thin films on OTS-SiO2 
substrates annealed at 100°C, 150°C, and 200°C.   
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An atomic force microscopy (AFM) study was performed in order to correlate the effect of 
thermal annealing on the device performance and to differentiate the morphological changes of 
the thin films of PDPPF-DFT. The height and phase AFM images of the polymer thin films are 
shown in Figure 4 and S9, and it is found that the polymer thin film with 100 °C annealing 
exhibits less organized thin film morphology due to its amorphous nature. This is consistent with 
the XRD results where no obvious diffraction peaks could be observed [Figure S7 (b)]. The thin 
film microstructure becomes slightly more organized and the surface roughness decreases from 
1.7 nm to 0.9 nm when the annealing temperature increased. The annealing process further 
reduces the solvent residue related traps and hence improves the thin film mobility. When 
annealing temperature increases to 200 °C, the thin films become discontinuous due to dewetting 
problem caused by the melting and reorganization of polymer chains on OTS-SiO2 dielectric, 
and this has been also observed and well supported during the DSC analysis of polymer. DSC 
data clearly indicate the phase transition occurring around 200 °C, and this may be the reason for 
the electron mobility decrease in the OTFT devices.  
In summary, with the incorporation of innovative 3, 4-difluoro thiopehene and furan 
substituted DPP blocks, the resulting solution processable polymer PDPPF-DFT has been 
synthesized via Stille coupling. Ambipolar OTFT using PDPPF-DFT as an active channel 
semiconductor has shown higher and balanced hole/electron mobility of 0.26 cm2/Vs and 0.12 
cm2/Vs, respectively. We have also demonstrated that by using a non-chlorinated hexane solvent, 
we can achieve comparable or higher hole/electron mobilities in ambipolar transistor devices. 
Such a green processing solvent and utilization of a green electronic building block furan is a 
promising approach to fabricate user-friendly printed electronic devices.  
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